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BAKER BOTTS L.L.P 
30 ROCKEFELLER PLAZA 
NEW YORK, NEW YORK 10112 



TO ALL WHOM IT MAY CONCERN: 

Be it known that I, TAREK ABD ELAZIM RAMADAN, a citizen of EGYPT, residing in 
EGYPT, whose post office address is Ain Shams University, Faculty of Engineering, 
Electronics and Communications Dept., Abbasia (11517), Cairo, Egypt, have 
invented a 

COUPLER-MULTIPLEXER PERMUTATION SWITCH 

of which the following is a 

SPECIFICATION 



BACKGROUND OF THE INVENTION 

Field of the invention 

[0001] The present invention relates to Wavelength-Division Multiplexing (WDM) 
networks. In particular, the present invention relates to optical network structures that 
perform multiplexing and switching of WDM signals. 
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Description of the related art 

[0002] In recent years, communication technology has rapidly and significantly 
improved. Today, much information is transmitted via optical fibers which allow the 
transport of information at high data rates. Optical fibers also offer much higher bandwidth 
than conventional coaxial communications. Nevertheless, an increased data transmission 
through communication networks places an increasing demand on communications link 
bandwidth. WDM is an attractive technique for increasing the aggregate capacity of optical 
networks. In a wavelength division multiplexed optical communication system, several 
different channels at different optical wavelengths are combined into a fiber to allow for a 
more efficient use of its bandwidth. 

[0003] Initially, the WDM channels were multiplexed and coupled into an optical fiber 
at the transmitting end, transmitted to a receiver end using the same optical path, and then de- 
multiplexed at the receiver end. This was commonly referred to as a point-to-point WDM 
transmission. In case of point-to-point WDM transmission, the optical network nodes only 
served as conduits of the transmitted data without any advanced functionality. 
[0004] Subsequently, WDM networks evolved from simple point-to-point transmission 
to more complicated multi-user networks with arbitrary physical topologies. In case of an 
optical network with arbitrary physical topology, different channels may follow different 
optical paths in the network. There are several classes of such networks: wavelength-routed, 
static optical and linear optical networks. A class of networks in which optical signals are 
routed to different optical paths based on their wavelengths are known as wavelength routed 
networks. The specific optical paths for each channel are determined by a routing algorithm. 
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The routing algorithm is designed based on a specified criteria, e.g., the shortest path between 
a source and a destination. The optical network nodes in this class are capable of routing 
signals to different paths depending on their wavelengths. In static optical networks, the star 
couplers are used as the optical network nodes which are capable of broadcasting an input 
signal from any source to all destinations in the network. In linear optical networks, even 
more complex components are used because the optical network nodes are required both to 
broadcast and to route different channels. For this reason, there have been attempts to 
provide the network nodes that could perform specific multiplexing, filtering, routing or 
switching functions. 

[0005] For example, in Y. Tachikawa et al., Arrayed-Waveguide Grating Multiplexers 
with loop-back optical paths and its applications, J. Lightwave Tech., Vol. 14, pp. 977-84 
(1 996), a static add/drop multiplexer which uses an NxN-array waveguide grading 
multiplexer combined with N-2 loop-back fibers is illustrated. 

[0006] Another example is disclosed in O. Ishida et al., Digitally Tunable Optical 
Filters using Array-Waveguide Grating (AWG) Multiplexers and Optical Switches , J. 
Lightwave Tech. Vol. 15, pp. 321-27 (1997). Ishida discloses a digital tunable optical filter 
which uses an NxN-arrayed waveguide grating multiplexer combined with a number of 1x2 
switch elements. In this example, the number of 1x2 switch elements is equal to the square 
root of N. 

[0007] In A. A. M. Staring et al, Phased-Array-Based Photonic Integrated Circuits for 
Wavelength Division Multiplexing Applications, ICICE Trans. Electron., Vol. E80-C, pp. 
646-653 (1997), an integrated four-channel add/drop multiplexer is illustrated. The add/drop 
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multiplexer in this example uses a 5x5 -phased array (PHASAR) multiplexer and four Mach- 
Zehnder interferometer (MZI) switches. A wavelength selective optical switching is 
accomplished by using a wavelength converter and a 5x5 PHASAR. The 5x5 PHASAR is 
used as a static router. The wavelength converter, in this example, has an Erbium-doped 
fiber amplifier (EDFA), a distributed Bragg reflector (DBR) laser, and a 3dB coupler. 
[0008] The evolution of WDM networks has imposed a functionality burden on the 
optical network nodes (ONN). It is desired that the signal be kept in an optical form as it 
passes through the network because it increases the network speed. In other words, it is 
desirable to preserve network transparency. However, this means that the ONNs have to 
perform many functions in the physical (optical) layer instead of the electronic (logical) 
layer. 

[0009] Unfortunately, each of the multi-function transparent optical network nodes 
known hereto suffer from a common drawback in that they combine individual components, 
i.e. switches, multiplexers, filters and routers, in a conventional way to perform a specific 
routing and switching functions. Hence, their functionality density, i.e., the number of 
functions divided by the number of components used is low. Accordingly, there remains a 
need for a photonic WDM component with high functionality density that can couple a 
single-mode and a multi-mode waveguides and can combine a plurality of functions. 

SUMMARY OF THE INVENTION 
[0010] An object of the present invention is to provide an optical device that integrates 
multiplexing and switching functions. 
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[0011] Another object of the present invention is to provide an optical device having a 
high functional density. 

[0012] Yet another object of the present invention is to map a wavelength spectrum of 
input WDM channels carried on a single mode waveguide into a modal spectrum of a multi- 
mode waveguide. 

[0013] Still another object of the present invention is to allow for a dynamic changing of 
the multiplexing pattern. 

[0014] Yet another object of the present invention is to minimize an effect of multi- 
wave mixing on long-haul optical fiber communication. 

[0015] In order to meet these and other objects which will become apparent with 
reference to further disclosure set forth below, the present invention provides a novel 
coupler-multiplexer permutation switch. The coupler-multiplexer permutation switch 
(CMPS) maps a wavelength spectrum of the input WDM channels, carried in a single-mode 
waveguide, onto a modal spectrum of a multi-mode waveguide and then demultiplexes and 
permutates the wavelength-assigned modes. The mapping is accomplished by using a 
single-/multi-mode backward coupler. Demultiplexing and switching are accomplished by 
using a digital optical switch. 

[0016] In a preferred embodiment, each channel of a single-mode waveguide is 
phase-matched through a grating with a corresponding backward mode of a multi-mode 
waveguide. Each channel is coupled with a different mode, and the number of multi-mode 
waveguide modes equals the number of single-mode waveguide channels. The different 
channels are then separated by using a digital optical switch (DOS). 
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[0017] In another preferred embodiment, unequally spaced channels are phase-matched 
with only even-ordered modes of a multi-mode waveguide. Hence, a number of even- 
ordered modes in the multi-mode waveguide equals the number of channels in the single- 
mode waveguide. The number of output waveguides from a digital optical switch equals the 
number of modes. Once the channels are mapped onto the corresponding even-ordered 
modes, they are separated by using a portion of output waveguides from the digital optical 
switch, with remaining output waveguides being idle. 

[0018] In yet another embodiment, different permutations in a multiplexing pattern are 
obtained by electronically controlling the effective-index distribution of the DOS output 
waveguides. This electronic control is accomplished by using a low driving-voltage device 
based on a quantum-confined Stark effect (QCSE). 

[0019] In still another embodiment, an add/drop multiplexer is integrated with a 
common grating on a single substrate. This integration minimizes a mismatch between the 
multiplexer and the demultiplexer characteristics. 

[0020] In yet another embodiment, the CMPS is integrated with photodetectors in a 
WDM receiver. Alternately, the CMPS may be integrated with a laser diode as a 
reconfigurable multi-wavelength WDM transmitter. 

[0021] The accompanying drawings, which are incorporated and constitute part of this 
disclosure, illustrate preferred embodiments of the invention and serve to explain the 
principles of the invention. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
FIG, la is a schematic diagram of one preferred embodiment of the present 
invention. 

FIG. lb is a schematic diagram of another preferred embodiment of the present 
invention. 

FIG. lc is a cross-sectional diagram of the embodiment of FIG. la along the lines 

A-A*. 

FIG. Id is a part of a cross-sectional diagram of the embodiment of FIG. la along 
the lines B-B\ 

FIG. 2 is a Cartegian graph of a mode-coupling uniformity parameter as a function 
of a single-mode to multi-mode waveguide widths ratio for a single-mode/multi-mode 
backward coupler design in which all multi-mode waveguide modes are excited. 

FIG. 3 represents a graph of a power transfer ratio to the different multi-waveguide 
modes as a function of a free-space propagation constant. 

FIG. 4 is a Cartegian graph of a mode-coupling uniformity parameter as a function 
of a single-mode to multi-mode waveguide widths ratio for a single-mode/multi-mode 
backward coupler design in which only even-ordered multi-mode waveguide modes are 
excited. 

FIG. 5 is a schematic diagram an alternative embodiment of the present invention. 
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DESCRIPTION OF THE PREFERRED EMBODIMENTS 
[0022] Referring to FIG. la, an exemplary embodiment of the present invention will 

now be described. FIG. la shows a coupler-multiplexer permutation switch (CMPS) 100 
which acts both as a demultiplexer and a switch. The CMPS 100 includes a single- 
mode/multi-mode backward coupler 120, and a digital optical switch 130, both mounted on a 
common substrate 105. The CMPS 100 may also include other features, such as 
photodetectors, lasers, optical amplifiers or other features known in the art. 
[0023] In a preferred embodiment, a single-mode waveguide (not shown) is coupled 
with the digital optical switch 130 by using the single-mode/multi-mode backward coupler 
120. The central idea of the CMPS 100 is to map a wavelength spectrum 170 of the input 
wavelength-division-multiplexing (WDM) channels carried in a single-mode waveguide into 
a modal spectrum of a multi-mode waveguide 140, and then to demultiplex and permutate 
the wavelength-assigned modes. The mapping is carried out in a single-mode/multimode 
backward coupler 120. Demultiplexing and permutation take place in the digital optical 
switch 130. 

[0024] The coupler-multiplexer permutation switch 1 00 may be designed in two stages. 
The first stage involves a design of the single-mode/multi-mode backward coupler 120, 
whereas the second stage involves a design of the digital optical switch 130. The single- 
mode/multi-mode backward coupler 120 is polarization sensitive, so it is designed for E x 
polarization. The digital optical switch 130 uses quaternary-compound InGaAsP/InP multi- 
quantum wells (MQW) in order to operate in the 1 .55 \im range of the Erbium-doped fiber 
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amplifier. Several iterative steps in the design of the CMPS 100 may be carried out to 
determine the CMPS parameters that satisfy individual design requirements for each stage. 
[0025] In a preferred embodiment, the single-mode/multi-mode backward coupler 120 
has a single-mode waveguide receiver 1 10, a short-period grating 150, a separation layer 155, 
and a multi-mode waveguide 140. The single-mode waveguide receiver 1 10 has an inverted 
rib 1 12 and a slab 1 14 (see FIG. Id) . The multi-mode waveguide 140 has a rib 142 and a 
slab 144 (see FIG. Id). The wavelength spectrum 170 with unequally spaced channels 
propagates in the single-mode waveguide receiver 110, where the channel powers are 
confined in the lateral direction by the inverted rib 1 12 and in the vertical direction by the 
separation layer 155. 

[0026] The separation layer 155 is epitaxially grown between the single-mode 
waveguide receiver 110 and the multi-mode waveguide 140 to confine not only the channel 
powers of the wavelength spectrum 170, but also the modal powers of the multi-mode 
waveguide 140. The confined channel powers of the wavelength spectrum 170 and the 
modal powers of the multi-mode waveguide 140 overlap in the separation layer 1 55, thus 
making it possible for the single-mode/multi-mode backward coupler 120 to couple the 
single-mode waveguide spectrum 170 into the corresponding multi-mode waveguide modes. 
[0027] In order to couple the channel powers of the forward-propagating wavelength 
spectrum 170 with the corresponding backward-propagating modes (not shown) of the multi- 
mode waveguide 140, a short-period grating 150 is used. The grating 150 has a short period 
to allow for a phase-matching of each single-mode waveguide channel propagating in the 
forward direction with a corresponding multi-mode waveguide mode propagating in the 



NY02:319309.1 



FILE NO.: A32562-070050.1370 



backward direction. The phase-matching, then, enables the transferring of the channel 
powers from the single-mode waveguide receiver 110 into the different modes of the multi- 
mode waveguide 140. The short-period grating 150 matches each effective index (a 
propagation constant) of the single-mode waveguide spectrum 170 at wavelength X h to an 
effective index (propagation constant) of the corresponding phase-matching mode of the 
multimode waveguide 140. The multi-mode waveguide modes (not shown) with the 
corresponding effective indices then propagate to the digital optical switch 130, where they 
are de-multiplexed and permutated, namely, where the effective indices are distributed to the 
appropriate output waveguides 160. The effective-index distribution in the output 
waveguides 160 is electronically controlled to allow for different permutations in the output- 
demultiplexing pattern. 

[0028] Referring to FIG. lc, a cross-sectional view of the CMPS 100 along the lines A- 
A' is illustrated. The inverted rib of the single-mode waveguide receiver 1 10, carrying the 
wavelength spectrum 170 of unequally spaced channels, has a width W (A) , the grating 1 50 
has a width W G and the multimode waveguide rib has a width #1 The single-mode 
waveguide receiver 110 and the multi-mode waveguide 140 are laterally offset, so that a 
distance between their centers is X 0 . It is possible to estimate the feasibility of the basic 
operation of the coupler-multiplexer permutation switch (CMPS) 100 by approximating the 
waveguide electro-magnetic modal fields with sinusoidal functions. This estimate is based 
on an analytical solution obtained by using a separation of variables under high confinement 
approximation. If modal powers are laterally localized in the multi-mode waveguide rib, it is 
said that they are laterally confined. 
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[0029] Assuming high lateral confinement of the modes, a lateral component J of the 
overlap integral between the normalized modal fields of the single-mode and the multimode 
waveguides may be given by 
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where W*^ is an effective width of the single-mode waveguide receiver's inverted rib, and 
V^ B) is an effective width of the multi-mode waveguide's rib, X 0 is a lateral offset between 
the rib centers of the single-mode waveguide receiver 110 and the multi-mode waveguide 
140 3 and k is a mode index. In equation (1), it is assumed that a complete lateral overlap 
takes place between the single-mode receiver 110 and the multimode waveguide 140, 
namely, 
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[0030] When designing the single-mode/multi-mode backward coupler 1 20, it is desired 
to suppress modal dependence of the overlap integral because it is desired to avoid large 
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variations in the channel bandwidths of the single-mode/multi-mode backward coupler. In 
other words, a normalized offset parameter p and a ratio between the single-mode waveguide 
receiver rib and the multi-mode waveguide rib q (rib width ratio) must be chosen carefully so 
that the overlap integral is independent of the mode index k. 

[0031] Hence, in order to suppress the modal dependence of the overlap integral, the 
following requirement should be satisfied: 

q«l/M, (4a) 
where, M= k max + 1 is the number of multimode-waveguide modes. In other words, the 
width of the single-mode waveguide receiver rib must be much smaller than the width of 
the multimode waveguide rib. 

[0032] The integration result with the added requirement q « l/M , suggests two 
different design approaches. In a first design approach, a non-zero value of the normalized 
offset parameter p is used to "excite" all modes of the multi-mode waveguide 140. In a 
second design approach, the value of p=0 is used to selectively excite the even-ordered 
modes of the multi-mode waveguide 140. 

[0033] Referring back to FIG. 1 a, one preferred embodiment, which uses the first design 
approach where all modes are excited, is illustrated. The normalized offset parameter p is 
chosen to satisfy: 

p^h (4b) 
which means that the single-mode waveguide receiver 1 10 is placed towards the lateral 
edge of the multimode waveguide 140 as shown in FIG. 1. 
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[0034] The CMPS channel bandwidth depends on coupling strength between the single- 
mode waveguide receiver 1 10 and the multi-mode waveguide 140. Bandwidth dependence 
on coupling strength is mainly determined by the overlap integral uniformity for different 
values of mode index t Hence, the overlap integral uniformity, in other words, coupling 
uniformity, limits the number of WDM channels that can be handled by the CMPS 100. In 
order to estimate coupling uniformity, a coupling uniformity parameter p, defined as 



and limited by 0<p<\ is used. The values mill 14 md HiaxM refer to the minimum 

k k 

and maximum values of |/| for different values of the mode index t The uniformity 
coupling parameter p is close to zero in cases of small variations in coupling. 
[0035] Referring to FIG. 2, a minimum value of the coupling uniformity parameter p as 
a function of the rib-width ratio q for different number of output modes Mis illustrated. This 
function represents the coupling uniformity parameter pfox the case of exciting all modes of 
the multi-mode waveguide 140. The minimum values of p are calculated over the 
normalized offset parameter p, for each value of q. The results show that there is a floor on 
excitation uniformity of the multi-mode waveguide modes which increases with the number 
of modes. In other words, the variations in coupling increase with the number of modes. For 
example, for M=4, and assuming that, = l//m, and \¥ B) = Sjum, which corresponds to q 
= 0.125, then the value of p = 0.38 is approximately the level of the floor for this case. 
Using (3) and (5) it can be shown that this value occurs atp = 0.61 which corresponds to an 
offset, \x 0 \ = 2Ajum. 
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[0036] The single-mode waveguide receiver 110 and the multi-mode waveguide 140 axe 
asynchronous enough to compete against both proximity coupling and backward-reflection- 
grating coupling in the same waveguide. Hence, only backward cross-coupling is considered 
in the formulation of the problem and, for that reason, the system modes of the overall 
coupler structure are well represented by the isolated modes of the individual waveguides. In 
addition, the power transferred to the unmatched output modes is negligible when compared 
to the power transferred to the phase-matched output modes. Hence, only the backward 
cross-coupling interaction between the input mode of the single-mode waveguide receiver 
1 1 0 and the i* mode of the multimode waveguide 140 that is phase matched by a grating 
with the period A, at a channel wavelength, X l9 needs to be considered. 
[0037] The single-mode/multi-mode backward coupler 120 can be described by using 
the equations for a usual coupling of modes: 

dA -/A z 

—2- = jK .B.e 01 
dz ox l 

dB. -/A z 

—^ = + jK .A e 01 
dz J 01 o 

with 

oi a 0 1 



Here, (A 0 , B, ), ($J A) ,p, fB) } (e/ A) , E, (B) )(x, y) dxdy , and P are the slowly varying 
amplitudes, propagation constants, electric field vectors, and a power of the two 
interacting modes, respectively. The overlap integral between the electromagnetic modal 
fields in (6d) is bound by a grating-perturbation area. The grating-perturbation area is 
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represented by the grating 150 that has its length, height, width and a short period. The 
short-period grating 150 can take many forms, such as a square function, sinusoidal 
function, triangular function etc. The quantity A ol is a phase-mismatch parameter, whereas 
K oi is a grating coupling coefficient. The quantities n Si and n f represent the refractive 

indices of the separation layer 155 and the multi-mode waveguide core, i.e. the slab 

and the rib , for the perturbed waveguide, respectively. The coupling coefficient, K 0l , 

given by (6d) for E? modes, can be approximated for different forms of the grating 150. 
[0038] For example, in case of a sinusoidal grating, the coupling coefficient may be 
approximated by 

2X 4 N o iA) N, iB) Grat 

where X is the free space wavelength. The quantities (N 0 (A) , N f B) ), and {f^ A \S t {B) ) are 

the effective indices and the transverse normalized components of the single-mode 
waveguide channel and the corresponding multi-mode waveguide mode, respectively. A 
similar approximation result is obtained for other shapes of the grating 150, but different 
shapes will yield different results. Note that the coupling coefficient is wavelength 
dependent. 

[0039] However, it is important to note that the wavelength spacing between successive 
channels is about lnm, so the maximum spacing between WDM channels is still negligible 
when compared with the channel wavelength, which is 1 .55 [im. Hence, the wavelength 
dependence of the right hand side of (7) implies a negligible change in the value of the 
coupling coefficient K Qb within the small wavelength range of the WDM channels. 
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[0040] An important consideration in the design of the single-mode/multi-mode 
backward coupler 120 is a variation of the coupler performance due to modal variations in 
K 0J . These changes are determined primarily by the modal dependence of the overlap 
integral in (6d) and (7). 

[0041] For a single-mode/multi-mode backward coupler of length Z, the ratio R 0 i 
between the reflected output power of the i m mode and the incident input power of the single- 
mode waveguide receiver at the phase-matched wavelength, X z , is given by 

R 0l = tmh\K 0l L). (8) 
This means that in case of single-mode/multi-mode backward couplers, as opposed to 
forward couplers, the saturation behavior of the hyperbolic tangent function at high values 
of K 0l L suppresses any change in the power transfer ratio R 0h due to change in the 
coupling coefficient K ol , for the different output modes. 

[0042] However, the bandwidth for each wavelength- M tagged M mode is sensitive to 
variations in K ol . The bandwidth, Ak Qh is given by 



AX= G(K °' L) (9a) 



L 

dX 



with 

G{K 0 , L) = 4j(tjQ 2 HK«L) 2 , ( 9b ) 
where the quantity, rj L, is the solution of 

iK ol Lfs^i lL) J_ tahn > {KoiLr (9c) 



(tjL) 2 +(K ol L) 2 sm 2 (7 1 L) 2 
This expression yields an almost linear dependence of the bandwidth on K 0l for high 
values of K 0 ,L. As a result, a constant value of K 0l is necessary for equal coupler-filter 
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bandwidths among the different output modes. Since K Ql depends on modal overlap, the 
quantity p, as defined in (5) is used to characterize the similarity of bandwidths among 
different channels. 

[0043] In order to efficiently couple the single-mode waveguide 110 with the multi- 
mode waveguide 140, their parameters and the parameters of the layers surrounding them 
must be carefully chosen. Some examples of the parameters that have to be determined are a 
waveguide core refractive index n fi the separation layer refractive index n s , ths substrate 
refractive index, a refractive index of the layer covering the waveguide n c (cover refractive 
index), rib widths W, rib heights K and slab thicknesses t, of the single-mode waveguide 
receiver 1 10 and the multimode waveguide 140. These parameters, in addition to the grating 
parameters, are designed to satisfy the single-mode/multi-mode backward coupler 
requirements. 

[0044] Since transparent optical networks use Erbium doped fiber amplifiers, which 
operate in the 1.55|am range, it is desired to design the CMPS 100 to operate in that range, 
namely, Xde^ = 1 .552.56 nm, where Xdmgn is a free-space reference channel wavelength that 
corresponds to backward cross-coupling to a higher-order output mode. The multi-mode 
waveguide parameters are chosen to be nf } = 3.287, n/ B) = 3.235, n c (B) = 1, h (B) = 1.1 jurn, t (B) 
= 0.3 jum, and W* 8 * = 8 jum. The single-mode parameters are chosen to be n/ A) = 3.315, 
/i/^=3.235, n c (A) = 3.21, h (A) = 1.1 jum, t (A) = 0.1 jam, and = 1 jum. These parameters are 
chosen by using a 3D beam-propagation-method (BPM) simulator. The 3D-BPM simulator 
employs a difference approach and incorporates transparent boundary conditions to compute 
the modal field distributions used in calculating the parameters. 
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[0045] An optimal value of lateral offset, X Q , between the centers of two ribs, is chosen 
during the calculations for a minimum value of p required to minimize the fluctuation in the 
coupler-filter bandwidths among different channels. To evaluate this minimum value of p, 
numerical calculations of the overlap integral in (6) are performed at different values of 
lateral waveguide offset X Q , with a multimode-waveguide grating of width W G =l6jum, and 
depth, Dp = 80 nm. A minimum value ofp = 0.33 occurs atX 0 = 3 /urn. 
[0046] However, this choice of geometry also leads to an increased electromagnetic 
modal-field overlap, unlimited by the grating perturbation area, between the highly confined 
mode of the single-mode waveguide receiver 1 10 and the weakly confined higher-order 
modes of the multimode waveguide 140. This increase in electromagnetic modal-field 
overlap may result in a nonsymmetrical proximity coupling that can cause a strong forward 
cross-coupling in one direction. Therefore, the parameters of the single-mode waveguide 
receiver 1 10 and the multimode waveguide 140, as well as the parameters of the separation 
layer 155 between them, are chosen carefully in order to minimize the electromagnetic 
modal-field overlap and provide high forward-power-transfer decoupling in both a direction 
from the single-mode waveguide receiver 1 10 to the multi-mode waveguide 140 and vice 
versa. Moreover, the parameters are chosen so that the modal confinement of the multimode 
waveguide 140 is sufficiently high to ensure intra-modal spectral separation large enough to 
minimize channel crosstalks. 

[0047] The grating 1 50 is etched onto a top surface of the separation layer 1 55, between 
the multi-mode waveguide 140 and the single-mode waveguide receiver 1 10 in order to 
couple efficiently the power of each channel from the single-mode waveguide receiver 1 10 to 
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a corresponding backward propagating mode of the multi-mode waveguide 140. The grating 
150 can also be etched elsewhere, for example, at the bottom surface of the multi-mode 
waveguide 140. The grating period in the 1x4 CMPS example is chosen to be A = 239.065 
nm. The grating period is calculated using 

° l max 

where Xdesign = 1.5552.36 nm is a free-space reference channel wavelength that 
corresponds to backward cross-coupling to the highest-order output mode, N 0 (A) is the 
effective index of the single-mode waveguide receiver 110 and N ima J A} is the effective 
index of the highest-order mode of the multi-mode waveguide 140. The coupling to 
lower-order modes of the multi-mode waveguide 140 takes place at longer wavelengths. 
[0048] The channel frequencies for different modes range from 1 93. 123 THz for mode 
#0 to 193.548 THz for mode #3 in this example. If the separation layer 155 is 1.1 jum thick, 
the insertion loss to both forward cross-coupling and grating-reflection coupling is roughly 
less than ldB. The backward-coupler's length required for a power transfer ratio of more 
than 93% is L = 7.4 mm. The channel bandwidths range from a minimum value of 1 1 .36 
GHz for channel No. 1 (mode 0), 12.61 GHz for channel No. 4 (mode 3), 14.98 GHz for 
Channel No. 3 (mode 2) to a maximum value of 15.23 GHz for channel No. 2 (mode 1), with 
± 1 .9 GHz bandwidth fluctuation. 

[0049] Referring to FIG. 3, a graph of a power transfer ratio R as a function of a free- 
propagation constant ko is illustrated. A part of this function is oscillatory and it has an 
envelope R OJ \ Based on the parameters chosen in this example, channel crosstalk defined as 
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1 0 Log w R 0J I R 0l ) for the X , channel, is better then -25.43 dB. Channel cross-talk 

ranges from -25.43 dB for Channel 1 , to 3 1 .32 dB for channel 4. This provides an example 
of the first stage in the process of designing the coupler-multiplexer permutation switch 1 00. 

[0050] Referring to FIG. lb, another preferred embodiment, using the second design 
approach is illustrated. For example, if the single-mode waveguide carries four channels, 
then the multi-mode waveguide is designed to support seven guided modes. The 1x4 CMPS 
100 in this example has a single-mode/multi-mode backward coupler 120, a multi-mode 
waveguide 140 supporting seven modes and a 1x7 digital optical switch 130 with three idle 
output waveguides. The single-mode/multi-mode backward coupler 120 couples the 
forward-propagating channels of the single-mode waveguide receiver 110 with the even- 
ordered backward-propagating modes of the multi-mode waveguide 140. Since the number 
of even-ordered modes in the multi-mode waveguide 140 equals the number of channels in 
the single-mode waveguide spectrum 170, the multi-mode waveguide 140, in this example, is 
designed to support seven modes. This, in turn, requires seven output waveguides 160 in the 
digital optical switch 130 because the minimum number of output waveguides 160 equals the 
number of modes in the multi-mode waveguide 140. 

[0051] The short-period grating 150 matches the effective index of each single-mode 
waveguide channels at wavelength X\, to a corresponding effective index of the 1 th even mode 
of the multimode waveguide 140. In a grating perturbation area, the crosstalk between the 
modes can be neglected as they propagate through the multi-mode waveguide 140 in the 
backward direction because of orthogonality of modes in the ideal-waveguide structure. The 
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even-ordered modes, in this example four modes, are then directed to the digital optical 
switch 130. Permutation of the modes is accomplished by ellectronically controlling the 
effective-index distribution in all output waveguides so that the zero-order mode goes to the 
output waveguide with the highest effective index etc. As it was already pointed out, the 
mode separation is asynchronous. This means that the output waveguides 160, which have 
different effective indices because of the voltage distribution, must be distant from each 
other. Hence, the distance between the output waveguides 160 increases in the backward 
propagation direction from the branching point. However, this increase is slow , which 
means that a separation of the multi-mode waveguide modes is also adiabatic. The mode 
separation is adiabatic in order to minimize the crosstalk between different channels. 
[0052] Referring to FIG. 4, a minimum value of the coupling uniformity parameter p as 
a function of the rib- width ratio q for different number of multi-mode waveguide modes Mis 
illustrated. The results show that there is no floor on excitation uniformity of the output 
modes even though there is an increase in the number of output waveguides 160. Hence, a 
larger number of WDM channels can be used for the same tolerance in bandwidth 
fluctuations. 

[0053] In case of a second design approach of the 1x4 coupler-multiplexer permutation 
switch 100, in which only even-ordered modes are excited, the multi-mode parameters 
chosen for operation in the same 1.55 |im range are: nj B) = 3.287, nP = 3.233, n c (B) = 1, h (B) 
= 1.1 jum, t (B) = 0. 1 jam, and JF® = 14.7 jum. This yields a channel frequency spacing of 99.7, 
199.4 and 297.9 GHz. These channel frequencies represent the calculations based on the 
modal spectrum of the isolated multi-mode waveguide 140. However, the spectrum of the 
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isolated waveguides is perturbed, once the single-mode waveguide receiver 110 and the 
multi-mode waveguide 140 are close to each other. Hence, the separation layer's and the 
single-mode waveguide receiver's parameters are optimized in order to minimize the 
perturbation. 

[0054] In this example, the parameters are selected to be: n c (A) = n s (A) =n s m 9 h (A) = 0.7 jum, 
t (A) = 0.1 jum, and ^ = 1 .4 jum. The thickness of the separation layer is chosen to be 1 .5jum. 
This optimization yields the channel frequency spacing of 99.8, 199.9 and 297.3 GHz. The 
grating period A=239.572nm is chosen to improve a frequency alignment with a standard 
grid, resulting in less than 3 GHz offset between the CMPS channels and those of the ITU 
standard grid. In this case, the grating depth D g =50nm, and a coupler length L=8164 jum, 
yield a bandwidth that ranges from a minimum value of 1 0. 1 1 GHz for channel 4 to a 
maximum value of 13.35GHz for channel 3 with 1 .6GHz bandwidth fluctuation. The 
channel crosstalk values are better than -25. 14dB. 

[0055] The second stage in the CMPS design involves a design of the digital optical 
switch 130. As an example, the structure of the 1x4 digital optical switch (DOS) will be 
illustrated. Referring back to FIGs. 1 and lb, an input of the digital optical switch (DOS) 130 
is the multi-mode waveguide 140. An output of the DOS 130 is a number of single-mode 
output waveguides 160. The number of single-mode output waveguides 160 may vary based 
on a design approach and number of modes in the multi-mode waveguide 140. The 1x4 
CMPS, in which all modes are excited, has four output single-mode waveguides 160. The 
multi-mode waveguide modes are characterized by their propagation constants. Since the 
propagation constants are related to the effective indices of the multi-mode waveguide 
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modes, it follows that the multi-mode waveguide modes are characterized by their effective 
indices. A voltage device (not shown) is used to electronically control the effective-index 
distribution in the DOS output waveguides 160. 

[0056] If there is no external driving voltage applied, the output waveguides 160 are 
synchronous, thus forming a "normally-on" power-splitter operation. In other words, without 
any applied voltage to the output waveguides of the 1x4 (and generally lxN) DOS 130, the 
light power from the multi-mode waveguide 140 is split without any wavelength selectivity. 
For example, if four different channels from a single-mode waveguide 1 10 are backward 
coupled to four different modes of the multi-mode waveguide 140, then the power of each 
channel is carried on a different mode in the multi-mode waveguide 140. If the DOS output 
waveguides 160 are symmetrically distributed around the multi-mode waveguide axis, as 
they are in the first design approach where all the modes are excited, then the DOS 130 splits 
the power of each mode equally to each output waveguide 160. In other words, the DOS 130 
distributes the channels evenly among the output waveguides 160. 

[0057] When external voltage is applied, the refractive indices of the output waveguides 
160 may be changed. By changing the refractive indices, the effective indices of the output 
waveguides may also be changed. It is important to note that wavelength functions with 
lower energies tend to localize in output waveguides with higher effective indices, whereas 
wavelength functions with higher energies localize in output waveguides with lower effective 
indices. Hence, by electronically controlling the effective indices of the output waveguides, a 
distribution of wavelength functions can also be controlled. This may result in 
de-synchronization between the output waveguides so that the zero-order mode, which has 
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the highest refractive index and carries the channel with the longest wavelength , goes into 
the highest effective-index output waveguide, the first-order mode goes into the next highest- 
effective-index output waveguide, etc. 

[0058] Each of the multi-mode waveguide modes carries a different WDM channel 
coupled to it in the backward coupling stage. As the modes propagate through the output 
waveguides 160, they accumulate crosstalk. The crosstalk ordinarily results from a 
continuous change in local output-waveguides coupling, mismatch between local normal 
modes and isolated waveguide modes at the output end of the DOS 130, and from a 
refractive index discontinuity at the branching points. 

[0059] Referring back to FIG. lb, the electrodes 1 80 represent the top layer of the output 
waveguides 160 and the bottom layer of the substrate 105. As the electrodes 180 approach 
the branching points between the multi-mode waveguide 140 and the output waveguides 160, 
they are tapered in order to reduce the refractive index discontinuity. The tapered-width 
electrodes 180, provide adiabatic transitions from the branching points to where the 
electrodes fully cover the widths of the output guides 160. This geometry substantially 
reduces cross-talk at the branching points, where the distance between the output waveguides 
160 diminishes. Moreover, this geometry facilitates the use of a higher external refractive- 
index change, which can further reduce cross-talk along the output waveguides 160. 
[0060] In conjunction with the electrodes 1 80, a multiple quantum-well structure 1 90 is 
used to provide external control over the refractive indices of the output waveguides 160. By 
applying the external electric field, it is possible to obtain a large refractive index change. 
This is done by taking advantage of the quantum-confined Stark effect (QCSE). This effect 
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depends on the excitonic absorption. While in bulk semiconductor materials an exciton, 
which is a combination of an electron and a hole, exists only at low temperatures, the 
confinement effect of quantum-well structures enables excitons to survive even at room 
temperatures. 

[0061] Excitons have maximum absorption near band edges. The amount of excitonic 
absorption in the quantum-well structures can be controlled by applying an external electric 
field. The application of the electric field results in a change of energy levels at the lower 
sub-bands existing in the conduction and valence bands. By using a Kramers-Kronig 
relation, it can be shown that any change in the absorption, which is a function of the 
imaginary part of the refractive index, results in a change of the real part of the refractive 
index, which controls the wave phase. Hence, by electronically controlling the amount of 
excitonic absorption, the refractive indices of the quantum- well layers, and, as a result, of the 
effective indices of the output waveguides 160 are controlled. 

[0062] Quaternary-compound InGaAsP/InP MQW's are used for the MQW structure 
instead of ternary-compound structures since they provide an extra degree of freedom in 
which the quantum well width can be chosen for maximum phase modulation, and the 
material composition can be chosen for minimum intensity modulation. The InGaAsP/InP 
quaternary materials are also used to operate the device in the 1.55 \im range. 
[0063] Phase modulation is determined by a change An e /m the waveguide effective 
index. A change in the waveguide effective index Aw^is related to the refractive index 
change An of the MQW medium by An&= T M qw An, where Yuow is the confinement factor 
of the unperturbed modal field in the QW layers. For a QCSE device, the value of Aw is 
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proportional to the square of the externally applied electric field F 9 and is known to fall off 
inversely with the energy detuning At/, from the zero-field exciton resonance. The electro- 
optic behavior of the QCSE in multiple quantum wells can be evaluated by a parameter r| = 
An AU/F 2 . Once An is known for the particular values of the electric field F and the energy 
detuning At/, the parameter r| can give a rough prediction of An magnitudes for other values 
of the electric field and the energy detuning. The maximum possible value of a modal-index 
change is limited. For example, if the index change is obtained by using the quantum- 
confined Stark effect (QCSE), then the maximum possible applied electric field must not 
exceed the ionization field of the excitons and the break-down field of the material system. 
The maximum field is limited by a need to keep the length of the device much shorter than 
the absorption length. 

[0064] The intensity modulation is determined by the change in the waveguide 
absorption coefficient, a eff =T mqwoc } with the applied electric field, where a is the 
absorption coefficient of the MQW medium. Having pure phase modulation is important 
since the adiabaticity of the DOS structure requires an elongated design. This further 
requires the operation at a relatively large detuning At/ from the zero-field exciton resonance. 
At the same time in order to avoid large absorption loss, the device must be much shorter 
then the absorption length, 1/ a e ff. 

[0065] The p-i(MQW)-n structure of the DOS rib waveguides is shown in Fig. Id. The 
0.51/*w MQW region consists of 30 periods of undoped Ino.64Gao.36Aso.77Po.23/InP quantum 
wells each with an 85 A barrier and well thickness. Since the thickness of each quantum well 
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period is much smaller then the optical wavelength, the MQW region can be replaced by a 
single homogeneous layer with an equivalent refractive index 



for the numerical calculations of the E? mode propagation. Here (m w , mt), (t w , h), and (« w , 
n b ) are the number, thickness, and refractive index of the quantum well and the barrier 
regions, respectively. At a wavelength of X design = 1 .55 fim, the values of n w , and n b used 
in the calculations are 3.4065 and 3.1631, respectively. This yields a value ofn MQW = 
3.287. The composition of the Ino.g5Gao.15Aso.32Po.68 p-type and n-type confinement layers 
is chosen to give a homogeneous refractive-index distribution inside the rib-core region. 
In this case, the optical mode is not guided by the thin 0.51 fjm MQW layer. This avoids 
modal mismatch at the 1x4 DOS branching point and, at the same time, allows for the 
design of a CMPS with a small multimode-waveguide width which is required to reduce 
the crosstalk in the single-mode/multi-mode backward coupler section. 
[0066] The confinement factor, T M qw, in the QW layers is given by 



where Y eq = 0.36, is the confinement factor of the equivalent 0.51/zm homogeneous layer, 
and T M qw= 0.18. The value of 77 = 3 x W 5 (meV) cm 2 (kV)" 2 was empirically calculated 
for similar InGaAsP/InP MQW's and has approximately the same value in other III-V 
MQW's. In this design, the energy detuning from the zero-field exciton resonance was 
estimated to be At/ = 120 meV based on the compositional change of the QW layer 




(11), 
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compared to the previously reported InGaAsP/InP MQW's that have the same QW width. 
This results in an effective index change of An e f/= 45 x 10" 9 F 2 (kV/cm). The small 
change in the value of AU (= 1.8 meV) due to the different X's of the WDM channels is 
neglected. 

[0067] Since the actual device is designed for J? mode operation, a 2D BPM simulation 
based on the effective index method is carried out for the TM polarization with the value of 
N F = 3-254, and N L = 3.235 for the core and cladding refractive indices, respectively, n the 
first design approach, the structure is both symmetrical and adiabatical. Hence, numerical 
calculations are needed for only 12 permutations out of the total possible 24 permutations. In 
the second design approach, numerical calculations for all 24 permutations are needed. The 
crosstalk values for these permutations are calculated with different voltage distributions for 
an assumed overall DOS length of 1 5 mm with linearly tapered output-waveguide widths of 
2 — 2.6 /jm, a tapered-electrode-section length of 5 mm, and an inner and outer output- 
waveguides edge-to-edge separation of 3.6 jum and 16.9 jum, respectively. The maximum 
value of the effective index change, 0.002, used in these calculations corresponds to an 
electric field of = 21 1 kV/cm. This maximum value of electric field is reasonable given that 
the exciton resonance can still be resolved with a wider 94 A quantum well width at values of 
electric field as high as = 220 KV/cm. 

[0068] The simulation results for the first design approach are shown in the following 
table: 
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TABLE A 





Channel 
Distribution 


Voltage 
Distribution 


DOS Crosstalk 
(dB) 


CMPS 

Crosstalk (dB) 


1 


4321 


V0 V4 V8 V9 


<- 19.64 


<- 18.90 


2 


4312 


V0 V2 V9 V8 


<-20.58 


<-19.93 


3 


4231 


V0 V6 V3 V9 


<-20.84 


<-20.47 


4 


4213 


V0 V8 V9 V3 


<- 19.45 


<-18.74 


5 


4132 


V0 V9 V5 V8 


<-20.77 


<-19.83 


6 


4123 


VO V9 V7 V4 


<-21.3 


<-20.252 


7 


3421 


V2 VO V8 V9 


<-18.89 


<-18.65 


8 


3412 


VI V0V9 V8 


<-18.26 


<-17.87 


9 


3241 


V2 V5 VO V9 


<-21.13 


<-20.07 


10 


3142 


V2 V6 VO V4 


<-20.71 


<-20.35 


11 


2431 


V7 VO V3 V9 


<-20.15 


<-19.56 


12 


2341 


V4 V3 VO V9 


<-18.82 


<-18.20 



where V0=-1.2V, V1=2.94V, V2-3.58V, V3=4.66V, V4=5.58V, V5=6.38V, V6=7.1V, 
V7=7.77V, V8=8.39V, V9=9.53V. The results show a worst case crosstalk value of - 
18.26 dB. The crosstalk values for 0.3 /urn tolerance in the input width of the tapered 
electrodes are better then -17.8 dB. 

[0069] The simulation results for the second design approach, where only even-ordered 
modes are excited are shown in the following tables: 



TABLE B 





Channel 
Distribution 


Voltage Distribution 


DOS 

Crosstalk 

(dB) 


1 


4321 


VO V6 V10 V15 V12 V8 V4 


<-24.9 


2 


4312 


V0V4V17V12V1 V8V15 


<-23.43 
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3 


4231 


V0 V6 V5 V17V13 V6 V2 


<-23.69 


4 


4213 


VO V10 V15 V6 V4 V8 V12 


<-24.98 


5 


4132 


VO V15 V8 VI 1 V13 V9 V2 


<-24.93 


6 


4123 


VO V17 V12 V8 V6 V10 V15 


<-26.33 


7 


3421 


V3 V0V15 V17 V16 V8 VI 


<-23.05 


8 


3412 


V3 VO V17 V14 VI V9 Vlo 


^ OA no 


9 


3241 


V4 V7 V0V17V1 V5 V16 


<-24.41 


10 


3214 


V8 V12V17V0V15 V10V4 


<-25.81 


11 


3142 


V6 V15 VO V10 V12 V8 V4 


<-24.88 


12 


3124 


V6 V15 V10V0 V12 V8 V4 


<-25.16 



TABLE C 





Channel 
Distribution 


Voltage Distribution 


DOS 

Crosstalk 

(dB) 


1 


2431 


V6 VO V2 V17V 12 V5 VI 


<-23.35 


2 


2413 


V10V0V15 V6 V4 V8 V12 


<-24.30 


3 


2341 


V5 V2 V0V17V12V4V1 


<-24.33 


4 


2314 


Vll V9V15 VO V2V10 V12 


<-24.19 


5 


2143 


V13 V17 VO V4 V8 V15 V2 


<-26.48 


6 


2134 


V12 V15 V6 VO V13 V9 V4 


<-25.13 


7 


1432 


V15V0 V4 V6V11 V5 V2 


<-26.38 


8 


1423 


V15 V0V8V6V12V7 V4 


<-24.29 


9 


1342 


V15 V6 V0V10V12 V8 V4 


<-24.31 


10 


1324 


V15 V7 V9 VO V2 V8 V13 


<-26.05 


11 


1243 


V15 Vll VO V4 V6 V12 V2 


<-23.53 


12 


1234 


V15 V10V6 V0V12V8 V4 


<-26.18 
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where V0=-1.2V, V1=0.77V, V2=1.59V, V3=2.22V, V4=2.75V, V5=3.65V, V6=4.4V, 
V7=5.07V, V8=5.67V, V9=6.22V, V10=6.73V, V11=7.22V, V12-7.67V, V13=8.11V, 
V14=8.32V, V15-8.52V, V16=8.72V, V17=8.92V. The results show a worst case 
crosstalk value of -23.05 dB. 

[0070] As each multi-mode waveguide mode is directed to a different output waveguide 
160, it accumulates a path loss. A small change in the path loss is required in the design of 
photonic switches. For 4x4 semiconductor switch arrays, variations in the path loss of 0.5 dB 
- 2.6 dB have been reported. In the present invention, a reasonable change in path loss is 
expected given that a previously reported InGaAsP/InP MQW structure with a 120 A 
quantum well width results in the same maximum Stark shift, ~ F*t w 4 , with applied electrical 
field of = 106 KV/cm. The measured change in absorption due to the change in the bias 
voltage of the 4-mm-long structure is negligible under comparable energy detuning and Stark 
shifts. This suggests smaller variations in the path loss with longer devices. Indeed, the 
roughness of the etched rib-waveguide core as well as the longer device can add more 
fabrication constraints in this case. 

[0071] To estimate the driving voltage required for a given effective index change, An e $ 
the doping concentration on either sides of the i-MQW layer is assumed to be high enough so 
that the intrinsic layer is fully depleted at zero bias, and the extension of the depletion region 
outside the intrinsic layer can be neglected. In this case, the electric field in the intrinsic layer 
F=V/d + F 0 (13a) 
can be approximated with 

Fo-Vo/d, (13b), 
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where dis the intrinsic layer width, and (V, V 0 ) are the magnitudes of the applied reverse 
bias voltage and the thermal equilibrium voltage, respectively. The thermal equilibrium 
voltage, V 0 , corresponds to a difference in Fermi-energies on both sides of the intrinsic 
layer before contact. For example, if N A =N D = 10 17 cm' 3 , then V Q = 1 .2 V which 
corresponds to F 0 = 24 Kv/cm, and the maximum applied voltage required = 9.5V. The 
value of capacitance, C, of the p-i(MQW)-n structure is = 5.4 pf using the approximation, 
C = e r e 0 A /d, where A is the electrode area, e 0 is the, permittivity in free space, and e r = 
12.35 is the relative static dielectric constant. This corresponds to, 5 R C h switching time 
of = 1 .4 nsec assuming a voltage source resistance of R = 50 Q. 

[0072] It is important to note that the coupler-multiplexer permutation switch 1 00 uses 
unequally spaced channels. The input signal with different unequally spaced channels, is 
then phase-matched through the grating 150 to the different backward modes of the multi- 
mode waveguide 140 so that each channel power is coupled to the different mode of the 
multi-mode waveguide. This reduces a multi-wave mixing- (MWM-) induced crosstalk on 
long-haul optical communication. 

[0073] Although the backward coupler 120 of the CMPS 100 is polarization sensitive, it 
is possible to accommodate both TE and TM polarizations by using an excitation symmetry 
of the device in addition to diversity reception. For example, output single-mode waveguides 
of a polarization splitter can symmetrically excite the multi-mode waveguide 140, allowing 
one set of single-mode waveguide parameters to satisfy the phase matching condition for TE 
modes and the other waveguide parameters to satisfy the phase-matching condition for TM 
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modes at the same channel wavelengths. Alternatively, a plurality of gratings, in series or in 
parallel, can be used with one or more single-mode waveguides. 

[0074] It is to be appreciated that other network configurations stand to benefit from the 
use of the present invention. Referring to FIG. 5, an exemplary add/drop multiplexer 500 is 
illustrated. The add/drop multiplexer 500 has a common grating 550 and it is fully integrated 
on a single substrate. This, in turn, minimizes the mismatch in device characteristics of a 
demultiplexer 515 and a multiplexer 516. A single mode input waveguide 510 is backward 
coupled to a multi-mode demultiplexer waveguide 540 through the common grating 550. A 
digital optical switch 530 separates and switches the modes so that a channel at wavelength 
X x is directed to a drop output mode 565. Other channels are directed to demultiplexer output 
modes 560 and transmitted to the multiplexer 516, where a channel 567 at wavelength X\ is 
added. The modes are then backward coupled through a multi-mode waveguide 541 and the 
common grating to a single-mode output waveguide 511. 

[0075] The foregoing merely illustrates the principles of the invention. Various 
modifications and alterations to the described embodiments will be apparent to those skilled 
in the art in view of the teachings herein. It will thus be appreciated that those skilled in the 
art will be able to devise numerous techniques which, although not explicitly shown or 
described herein, embody the principles of the invention and are thus within the spirit and 

scope of the invention. 
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